Abstract: Animal and human papillomaviruses (HPVs) replicate persistently in specific types of stratified epithelia of their host. After the initial infection, the viral genome replicates at low levels in the dividing cells of the epithelium, and these cells form a reservoir of infection that can last for decades. When the infected cells differentiate, viral genomes replicate to high levels to form progeny virus that is released from the surface of the epithelium. This complex life cycle requires several different modes of viral DNA replication, but papillomaviruses are masters at hijacking key cellular processes to facilitate their own reproduction.
Papillomaviruses are an ancient group of viruses with small circular dsDNA genomes. They are ubiquitous and replicate in the mucosal and cutaneous stratified epithelium of hosts ranging from fish to humans (Van Doorslaer, 2013; Lopez-Bueno et al., 2016) . To date, over 200 human papillomavirus (HPV), and about 140 animal papillomavirus types, have been described (https://pave.niaid.nih.gov; Van Doorslaer et al., 2017) . Each papillomavirus has coevolved with its host for millions of years, and many have developed a predilection for specific cells or anatomical regions of the host epithelium. In some cases this niche adaptation has resulted in the development of viruses with oncogenic potential (Schiffman et al., 2016) Depending on the papillomavirus type and anatomical region of the host, infection can be asymptomatic, can result in a variety of warts or papillomas, or can lead to several types of cancer (Cubie, 2013; Schiffman et al., 2016) . There is also evidence that some papillomavirus types can become truly latent (Doorbar, 2013) .
The genome organization of all papillomaviruses is very similar; each viral genome consists of a 6-8 kb double-stranded circle of DNA ( Figure 1 ) that encodes four core genes. The core proteins encoded by these genes are either structural, and form the viral capsid (L1 and L2), or are involved in viral DNA replication (E1 and E2). The remaining proteins, E4, E5, E6 and E7, are not encoded by all papillomaviruses and can be considered evolutionary embellishments. These proteins have important roles in adapting to specific host niches, in establishing a viral replication competent environment, in eluding the host immune system, and in modifying the host cell to facilitate release of progeny virion (Egawa et al., 2015) . A fusion protein, E8^E2, is encoded by a spliced transcript and modulates viral replication and transcription. This is essential for the maintenance of the persistent, non-productive phase of infection (Dreer et al., 2016) .
Differentiation dependent papillomavirus infectious cycle and associated disease
Papillomaviruses have evolved an ingenious infectious cycle that takes advantage of the self-renewal process of stratified cutaneous and mucosal epithelia. In a stratified epithelium, the lower, basal layer of cells are attached to the basement membrane and they divide either symmetrically to generate more basal cells, or asymmetrically, in which case one of the daughter cells moves up towards the surface as part of the tissue renewal process. In the latter case, the cells move up through the epithelium, acquiring various characteristics of differentiation until they are sloughed from the surface of the tissue. Papillomaviruses take advantage of this process by infecting the basal cells through a fissure in the epithelium, and establishing a low level, persistent infection. The viral genome replicates extrachromosomally at a very low copy number in the basal cells, with minimal viral transcription. Then, when the infected cells transition through the differentiation process, high levels of viral DNA synthesis and gene expression takes place (Figure 2 ). This strategy helps the virus evade the immune system as high levels of viral activity occur only in terminally differentiated cells that are not subject to immune surveillance (Stanley, 2012) .
Modes of papillomavirus replication
The differentiation dependent life cycle of papillomaviruses ensures a stable, persistent infection, with a steady release of viral particles, but it means that the viral genome must be replicated by different mechanisms at different stages (reviewed in McBride, 2008) . These stages are initial amplification, establishment, maintenance and vegetative amplification (Figure 2 ). When the virus first infects a basal keratinocyte, it must undergo a few rounds of DNA replication to generate a low copy number of viral genomes. Next, the viral genome must become established as a stably extrachromosomal replicon in a beneficial region of the host nucleus. The genomes are then maintained at a low, constant copy number and are partitioned to daughter cells upon cell division. The last stage is vegetative amplification, which occurs only in differentiated cells and generates high copy numbers of viral genomes that are destined to be packaged as progeny virions.
Viral replication proteins and replication origin
The conserved core proteins, E1 and E2, are both necessary and sufficient for papillomavirus replication . These proteins cooperatively bind to specific binding sites in the replication origin to initiate replication . E1 is an AAA + family helicase that binds and unwinds DNA to allow access of the cellular replicative machinery (Enemark and Joshua-Tor, 2006) . E2 functions as a helicase loader to increase specificity, and facilitate binding of E1 to the replication origin (Stenlund, 2003) . After formation of this replication initiation complex, E2 is displaced and E1 converts to hexameric helicases that bidirectionally unwind the replication origin (Stenlund, 2003; Enemark and Joshua-Tor, 2006) . In addition to its role in initiation of replication, E2 facilitates maintenance and partitioning of the viral genome by tethering it to host chromatin (Skiadopoulos and McBride, 1998; Ilves et al., 1999) . Very comprehensive reviews of the structure and function of the E1 and E2 proteins can be found in the Special Issue: The Papillomavirus Episteme (Bergvall et al., 2013; Lambert et al., 2013; McBride, 2013) . The papillomavirus replication origin encompasses an E1 binding site, at least one E2 binding sites and an A/T rich region (Mohr et al., 1990; Ustav et al., , 1993 . Although one E2 binding site is often sufficient for initiation of replication, additional E2 sites will enhance this process (Remm et al., 1992; Russell and Botchan, 1995; Sun et al., 1996; Lee et al., 1997; McShan and Wilson, 1997) . The detailed understanding of the interactions among viral and host replication proteins and the viral genome, make HPV replication an attractive target for anti-viral therapeutics . 
Initial amplification of the viral genome
The papillomavirus virion contains two viral proteins, L1 and L2. L1 is the major structural protein that forms the capsid and L2, the minor capsid protein, is essential for early stages of infection, as well as packaging the viral genome into capsids at late stages of infection (Wang and Roden, 2013 ). Inside the viral particle, the genome is assembled with host histones into chromatin (Favre et al., 1977) . Upon infection, the virus is trafficked The schematic shows the differentiated layers of a stratified epithelium. HPV gains access to the basal cells of the epithelium through a fissure. Upon entry, the virus traffics through the endosome, becoming uncoated, but the viral genome (in complex with the L2 protein) must wait until the nuclear membrane breaks down in mitosis to gain entry to the nucleus. Once in the nucleus the viral genome undergoes a limited amplification and becomes established in the nucleus by attachment to host chromatin. The genome is maintained at a constant copy number in the dividing cells and is partitioned by the interaction with host chromatin. Upon differentiation, the infected cells amplify the viral DNA to high copy number, whereupon it is packaged into progeny viral particles. Virions are shed from the epithelium in viral-laden squames. At the top of the schematic, relative levels of viral DNA copy numbers are shown for each phases of viral DNA replication.
through the endocytic pathways towards the nucleus, and the L1 capsid is removed during this process (Day et al., 2013) . The viral minichromosome remains bound to L2, but the cell must proceed through mitosis (with concomitant nuclear envelope breakdown) before the L2-viral genome complex (still encased in membrane vesicles) can enter the nucleus (Pyeon et al., 2009; Aydin et al., 2014; DiGiuseppe et al., 2016) . The L2-genome complex binds to the cellular condensed chromosomes, which ensures that the viral DNA is retained in the nucleus after mitosis (Aydin et al., 2014; DiGiuseppe et al., 2016) .
Similar to many other DNA viruses, the L2-viral DNA complex is next observed adjacent to nuclear domain 10 (ND10) bodies (Day et al., 2004) . These bodies are thought to be important for anti-viral defense, but also seem to be a location that is beneficial for early viral transcription and replication (Everett, 2006) . L2 relocalizes the Sp100 and Daxx components of the ND10 body, to facilitate early viral transcription and replication of HPV DNA (Florin et al., 2002; Becker et al., 2003; Stepp et al., 2013) . Transcripts encoding the E1 and E2 replication proteins are initiated by cellular factors (Ozbun, 2002; McKinney et al., 2016) to support the first stage of viral DNA replication.
The E1 and E2 proteins bind and unwind the replication origin, allowing cellular factors to synthesize, and amplify, the viral DNA (Mohr et al., 1990; McBride, 2008) . This process amplifies viral DNA to a low copy number in the initial phases of infection, and this copy number is subsequently maintained in the dividing cells. The initial amplification of viral DNA signals a DNA damage response (DDR) in the host cells (C. McKinney and A. McBride, unpublished observations; Reinson et al., 2013) , which must be tempered to allow the virus to switch to the quiescent, maintenance stage of persistent infection. Expression of the E8^E2 repressor protein is probably important at this stage to prevent runaway replication (Straub et al., 2014; Dreer et al., 2016) .
Establishment, maintenance replication and genome partitioning
The establishment phase of replication is not well understood, but it is crucial to institute a persistent infection. Viral DNA must localize to beneficial regions of the nucleus, and escape anti-viral restriction mechanisms and epigenetic silencing (Porter et al., 2017) . This is probably determined by early interactions of the viral DNA complex in the nucleus: the interaction of the L2 genome complex with host mitotic chromosomes; the interaction of the L2 genome complex with ND10 bodies; and the subsequent association of the viral DNA and E2 protein with host chromatin (see below).
The E1 and E2 proteins initiate replication from the viral replication origin, but this is not sufficient for longterm, maintenance replication. Viral genomes replicate at a constant copy number, but also need also to be efficiently partitioned to daughter cells. At least six additional E2 binding sites, located in the URR of the bovine papillomavirus type 1 (BPV1) genome, are required for maintenance of the viral genome as an extrachromosomal element (Piirsoo et al., 1996) . This requirement was explained by the finding that papillomavirus genomes, and the viral E2 protein, are bound to host mitotic chromosomes in dividing cells (Skiadopoulos and McBride, 1998; Ilves et al., 1999) . The N-terminal transactivation domain of the E2 protein interacts with host chromatin, while the DNA binding domain binds to sites in the viral genome (Bastien and McBride, 2000) . The partitioning model has been best characterized for BPV1, which contains many E2 binding sites in the URR ( Figure 3B ), and whose E2 protein binds host chromosomes with high affinity. Most likely, all papillomaviruses have a comparable tethering strategy, though differences must exist. For example, most α-HPV genomes have only four E2 binding sites in the URR, and two of these binding sites are sufficient to segregate HPV18-derived plasmids in the absence of replication . Additionally, not all papillomavirus E2 proteins associate with host chromosomes at the same location, or with high affinity (McPhillips et al., 2006; Oliveira et al., 2006) . However, E2 proteins that do not associate with host chromatin when expressed alone, will associate tightly when coexpressed with the E1 protein (Sakakibara et al., 2013a; Jang et al., 2014) .
There has been great interest in identifying the host chromatin protein(s) to which the viral E2-genome complex is tethered. In theory, disruption of this interaction would result in loss of viral genomes and resolution of persistent infection. Several cellular proteins are candidates for the host chromatin target that mediates partitioning of HPV genomes (reviewed in McBride, 2013) . For example, cellular proteins TopBP1 and ChlR1 have been have been implicated in various stages of the establishment and maintenance process (Parish et al., 2006; Donaldson et al., 2012; Gauson et al., 2015; Kanginakudru et al., 2015; Harris et al., 2017) . A highly studied, though still controversial, target is the cellular chromatin protein, Brd4. Brd4 is a double bromodomain protein that binds to acetylated histones, regulates transcriptional initiation and elongation, and serves as a mitotic bookmark (reviewed in McBride and Jang, 2013; Iftner et al., 2016) . Brd4 interacts with all papillomavirus E2 proteins to regulate viral transcription (You et al., 2004; McPhillips et al., 2006; Wu et al., 2006; Schweiger et al., 2007; Smith et al., 2010; Rahman et al., 2011) , and E2 proteins that bind Brd4 with high affinity (such as BPV1) stabilize its association on host chromatin (You et al., 2004; Baxter et al., 2005; McPhillips et al., 2005) . However, many HPV E2s are only observed associated with host chromatin using techniques such as bimolecular fluorescence complementation or when E2 is highly expressed. Also, and HPV31 genomes that express a Brd4 binding defective E2 protein are still maintained extrachromosomally (Stubenrauch et al., 1998; Senechal et al., 2007) , indicating that the role of Brd4 as the main chromosomal target is complex. Nevertheless, Brd4 is involved in almost every step of the viral infectious cycle: Brd4 activates early viral transcription upon infection (McKinney et al., 2016) , and later, in complex with E2 represses viral transcription (Wu et al., 2006; Smith et al., 2010; Rahman et al., 2011) . Brd4 is also observed localized to replication foci that form later in infection (Sakakibara et al., 2013a; Gauson et al., 2015) .
The interaction of papillomavirus genomes with host chromatin is important for more than just partitioning of viral DNA during cell division. Association of viral DNA with transcriptionally active regions of host chromatin will facilitate viral transcription (Jang et al., 2009; Helfer et al., 2014) . Likewise, complexes of HPV1 E2/Brd4 (or HPV16 E1/E2/Brd4) bind to host chromatin at common fragile sites, which are regions of the host genome that are susceptible to replication stress (Jang et al., 2014) . This association could facilitate the development of DDRdependent replication foci for late amplification of viral DNA (see below). 
Vegetative viral replication and papillomavirus replication foci
In the differentiated cells of a stratified epithelium, the viral genome undergoes a second amplification. Quantitative analysis in lesions caused by OcPV1 (ROPV, or rabbit oral papillomavirus) show a five log increase in viral genomes upon late amplification (Maglennon et al., 2011) . This is concomitant with high levels of the E1 and E2 proteins and activation of the late promoter (Klumpp and Laimins, 1999) . A pivotal study showed that the cellular DDR is activated by the viral E7 protein, and this is essential for late genome amplification (Moody and Laimins, 2009) .
Similar to many other DNA viruses, viral DNA replication takes place in nuclear foci and components of the DDR pathway are recruited here (Fradet-Turcotte et al., 2011; Sakakibara et al., 2011; Gillespie et al., 2012; Reinson et al., 2013) . These replication compartments are very similar to the nuclear foci that form upon cellular DNA damage. DNA damage foci form around breaks in cellular DNA, or at collapsed replication forks, and induce signaling pathways that arrest cell growth, and recruit factors to repair damaged DNA (McKinney et al., 2015) . HPVs mimic DNA damage and induce the DDR pathways, resulting in an influx of factors that can replicate viral DNA. Current thinking is that viral DNA is replicated in differentiated cells by a recombinationdependent replication (RDR) mode supported by the DDR response (Sakakibara et al., 2013b; Gautam and Moody, 2016) . This would be advantageous, as HPVs are thought to amplify their viral DNA in differentiated cells in the G2 phase of the cell cycle, and so lack the S-phase replication machinery (Nakahara et al., 2005; Banerjee et al., 2011) . Many viruses encode recombinases, single-stranded DNA binding proteins, exonucleases and resolvases to facilitate viral genome replication by RDR (Lo Piano et al., 2011) . However, HPVs must induce similar cellular factors through DDR signaling and repair pathways to support RDR. RDR is unidirectional and origin independent, and can efficiently synthesize large amounts of concatemeric DNA. It is probable that cellular repair factors can resolve these structures into monomeric, circular genomes. However, the exact mechanisms of recombination-mediated replication must still be elucidated (Orav et al., 2015) .
As mentioned above, HPV replication proteins complex with Brd4 and associate with regions of the host genome that are susceptible to replication stress (Jang et al., 2014) . Furthermore, viral replication foci often develop adjacent to these regions. This association could facilitate DDR signaling and recruitment of factors that support the development of DDR-dependent replication foci for late amplification of viral DNA.
Viral genome integration
Occasionally, papillomavirus genomes are found integrated into the host genome, and this is particularly notable with oncogenic HPVs (Schwarz et al., 1985) . In many HPV-associated cancers, the viral genome is integrated in such a way as to deregulate expression of the E6/E7 oncogenes, which leads to genomic instability and carcinogenic progression (McBride and Warburton, 2017) . Many cellular processes are hijacked and manipulated during papillomavirus infection; viral DNA replication engages the DNA damage response (Moody and Laimins, 2009; Sakakibara et al., 2011; Reinson et al., 2013; Anacker and Moody, 2017) , and viral genomes must tether to viral chromatin to ensure that they persist, and are partitioned, in proliferating cells (Skiadopoulos and McBride, 1998; Ilves et al., 1999; Bastien and McBride, 2000) . It is advantageous for papillomavirus genome to tether to transcriptionally active regions of the host genome (Jang et al., 2009; Helfer et al., 2014) , and to replicate adjacent to regions undergoing replication stress (Jang et al., 2014) . Localization to these regions ensures that the viral genome remains transcriptionally active, and also has easy access to factors that mediate DNA synthesis. HPV replication foci form adjacent to common fragile sites (regions undergoing replication stress), and this correlates with the observation that oncogenic HPVs are often found integrated in these regions (Thorland et al., 2000; Jang et al., 2014; Gao et al., 2017) . However, integration is not part of the papillomavirus life cycle, but is an accidental 'dead-end' that eliminates the potential of viral progeny production.
Summary
Papillomaviruses have evolved highly specific viral-host interactions to facilitate viral DNA replication. The biochemical mechanisms and protein interactions required for viral DNA synthesis are well understood, and most current studies focus on host pathways and interactions that are manipulated and hijacked by the virus to replicate in the different cellular environments of a stratified epithelium. Despite the remarkable advances that have been made in understanding HPV replication processes, papillomaviruses still have much to teach us about the biology of their host.
